Abstract Glioblastoma Multiforme (GBM) are heterogeneous lesions, both in terms of their appearance on anatomic images and their response to therapy. The goal of this study was to evaluate the prognostic value of parameters derived from physiological and metabolic images of these lesions. Fifty-six patients with GBM were scanned immediately before surgical resection using conventional anatomical MR imaging and, where possible, perfusionweighted imaging, diffusion-weighted imaging, and proton MR spectroscopic imaging. The median survival time was 517 days, with 15 patients censored. Absolute anatomic lesion volumes were not associated with survival but patients for whom the combined volume of contrast enhancement and necrosis was a large percentage of the T2 hyperintense lesion had relatively poor survival. Other volumetric parameters linked with less favorable survival were the volume of the region with elevated choline to Nacetylaspartate index (CNI) and the volume within the T2 lesion that had apparent diffusion coefficient (ADC) less than 1.5 times that in white matter. Intensity parameters associated with survival were the maximum and the sum of levels of lactate and of lipid within the CNI lesion, as well as the magnitude of the 10th percentile of the normalized ADC within the contrast-enhancing lesion. Patients whose imaging parameters indicating that lesions with a relatively large percentage with breakdown of the blood brain barrier or necrosis, large regions with abnormal metabolism or areas with restricted diffusion have relatively poor survival. These parameters may provide useful information for predicting outcome and for the stratification of patients into high or low risk groups for clinical trials.
Introduction
Even with aggressive resection and the use of state-of-theart therapies, survival for patients who are diagnosed with Glioblastoma Multiforme (GBM) is relatively short and there is great interest in developing new treatment strategies that are likely to be more effective [1] [2] [3] . There is considerable variability for individual patients, with the median survival from the time of diagnosis being from 1 to 2 years [1, [4] [5] [6] and a recent analysis of 766 patients reporting that only 2% were alive after 5 years [7] . Given such a bleak prognosis and the need to determine which patients might benefit from new therapies, it is important to identify noninvasive biomarkers that can be used to characterize individual lesions and to predict outcome [1, 6, 8, 9] .
Although contrast-enhancing regions give valuable information regarding the location of different tumors [9, 10] , there is considerable evidence to demonstrate that metabolic markers of malignancy are present outside of the contrast enhancing region [9] [10] [11] . The region of T2-hyperintensity is larger than the enhancing volume but cannot distinguish between peritumoral edema and infiltrative tumor [1, 9, 12] . Perfusion-weighted imaging (PWI), diffusion weighted imaging (DWI) and MR spectroscopic imaging (MRSI) have been proposed as methods that may offer more detailed information regarding tumor burden and malignant behavior. PWI measures hemodynamic properties such as tissue blood volume, vessel leakiness and permeability [13] [14] [15] . DWI gives information about the apparent diffusion coefficient (ADC) of water which has been reported as providing an early predictor of response to radiation [16] [17] [18] [19] . Proton MR spectroscopic imaging (MRSI) gives information regarding the levels of cellular metabolites that may be relevant in evaluating treatment response and clinical outcome [1, [20] [21] [22] .
Although several factors such as age, Karnofsky Performance Scale (KPS) score, midline shift, and tumor location have been shown to predict survival for large populations of patients with GBM [6, 23, 24] ; the importance of the extent of resection and the impact of using these factors to direct the choice of therapy remain controversial [3, 5, [25] [26] [27] . If noninvasive imaging parameters are able to predict survival, they could be used to stratify patients into risk groups for future clinical trials of new therapies. More accurate assessment of the baseline risk at the time of diagnosis may thus provide improved treatment selection for individual patients and ultimately enhance their survival. The goal of this study was to characterize patients with untreated GBM prior to surgery using anatomic perfusion, diffusion and spectroscopic markers and to evaluate the potential of these imaging parameters in predicting survival.
Methods

Patient population
Between October 2001 and January 2006, 56 treatmentnaïve adults (39 men, 17 women, median age 56, mean age 56 ± 12.8 years) who were subsequently diagnosed as having supratentorial GBM received an MR imaging examination 1 day prior to image-guided surgery. Standard anatomic images were acquired as needed for their clinical care. Whenever possible within the time limitations imposed by this pre-surgery examination, patients also received PWI, DWI and MRSI. Histological diagnosis of GBM was made from tissue obtained at the time of surgical resection. Patients were treated with conformal fractionated radiation therapy administering 60 Gy in standard fractionation) and concurrent and adjuvant chemotherapy, with the majority of them receiving temozolomide (at least 39/ 56 patients).
MR examination
Patients were imaged using a Signa Echospeed 1.5T scanner (General Electric Healthcare, Milwaukee, WI, USA) using a standard quadrature head coil. The standard pre-surgery imaging protocol for gliomas in our institution includes a T1-weighted three-plane scout (TR/TE = 400/12 ms); pre-and post-contrast T1-weighted 3D spoiled gradient echo (SPGR -TR/TE = 32/8 ms, 40 flip, 180 9 240 9 186 mm FOV, with 192 9 256 9 124 matrix); T2-weighted fluid attenuated inversion recovery (FLAIR -TR/TE/ TI = 10,000/143/2,200 ms, 220 9 220 9 160 mm FOV, with 256 9 256 9 32 matrix); T2-weighted fast spin echo (FSE -TR/TE = 3,000/105 ms, 260 9 260 9 180 mm FOV, with 256 9 256 9 120 matrix).
Anatomical images were rigidly aligned to the post-Gd SPGR images using software developed in our group [28] . Tumor region-of-interest segmentation was performed using an in-house semi-automated segmentation software package [29] . The contrast-enhancing (CEL) and necrotic (NEC) regions were contoured on the post-Gd SPGR images. The T2-hyperintense region (T2ALL) was contoured on FSE or FLAIR images. The non-enhancing lesion (NEL) was defined as the T2 lesion minus the contrast-enhancing lesion and necrotic regions. Normalappearing white matter (NAWM) regions were automatically segmented using the FSL software package [30] .
Perfusion-weighted imaging PWI data were acquired for 49 of the 56 patients. A bolus of 0.1 mmol/kg body weight Gd-DTPA was injected into the antecubital vein at a rate of 5 ml/s. Dynamic susceptibility contrast echoplanar gradient echo images were acquired before, during, and after the passage of the contrast agent. Acquisition parameters were (TR/TE = 1,700/100 ms, matrix = 256 9 256 9 7-9, FOV = 400 9 400 9 54 mm 3 , with a total of 60 time points. The resulting data were processed to yield measures of cerebral blood volume (CBV), and non-parametric estimates of percent DR2* recovery (%REC), and DR2* peak heights (PH) using in-house software [15, [31] [32] [33] . Maps of these parameters were rigidly aligned to the post-contrast T1-weighted images using the VTK software package and then re-sampled to the same spatial resolution.
Diffusion weighted imaging DWI data were available for 47 of the 56 patients. Two datasets were eliminated due to severe ghosting artifacts, leaving results from a total of 45 patients being considered for the quantitative analysis. Acquisition parameters were TR/TE = 10,000/100 ms, matrix 128 9 128, FOV = 360 9 360 mm 2 with 38-36 slices and 3-5 mm slice thickness, b value 1,000 s/mm 2 , gradient strength = 0.04 T/m, gradient duration = 21 ms, and gradient separation = 27 ms. The diffusion-weighted images were processed to yield apparent diffusion coefficient (ADC) maps using in-house software. The maps were rigidly aligned to the post-contrast T1-weighted images using the VTK software package and then re-sampled to the same spatial resolution [34] .
1H MRSI data
Three-dimensional MRSI data were acquired for 50 of the 56 patients. Datasets from two patients had limited coverage of normal appearing white matter so that results from a total of 48 patients were considered for the quantitative analysis. The data were acquired using 3D PRESS volume selection [35] and VSS outer volume suppression bands [36] that were developed in our laboratory. The selected volume was prescribed on the post-contrast T1-weighted image to cover as much of the lesion as possible and to include normalappearing contralateral tissue. The 3D data were phaseencoded with a 12 9 12 9 8 matrix and fields of view 120 9 120 9 80 mm (TR/TE = 1,000/144 ms). Of the 48 patients considered, 42 of them had lactate-edited spectroscopy and could therefore provide separate estimates of the contributions from lactate and lipid [37] . The spectroscopic data were processed using in-house software that has been described previously [11, 38, 39] . Parameters that are estimated include peak locations, heights, areas, and linewidths for each voxel. For the lactate-edited data, summed acquisitions gave spectra with choline, creatine, NAA and lipid, while the subtracted data gave lactate alone [22, 37] .
The choline-to-NAA index (CNI) was estimated as described previously based upon the differences in relative peak heights between tumor and normal tissue [40] . The relationship between metabolite levels and anatomic regions were examined by resampling masks of the regions of interest to match the resolution of the spectral data. Voxels that were predominantly in NAWM, the contrastenhancing lesion, the necrosis or the non-enhancing lesion, as well voxels that had CNI values greater than 2 or 3 were used to calculate the statistics for the analysis. The registration error for the MRSI data was assumed to be negligible because they were acquired immediately following the post-contrast SPGR images.
Analysis of MR parameters
The anatomic regions of interest were the contrastenhancing lesion (CEL), the non-enhancing lesion (NEL), necrosis (NEC) and the entire T2 lesion (T2ALL). Lesion volumes and the intensity variations of individual MR parameters were recorded. In cases where the acquisition window for the PWI, DWI and MRSI data was smaller than the spatial extent of one of the anatomical regions, the analysis was limited to the region that overlapped with it. To facilitate comparison of parameter values between patients, the values of ADC, rCBV, PH, choline, creatine and NAA were normalized to their median values within NAWM. Lactate and lipid maps were normalized to the median value of NAA within NAWM. The values of the %REC and CNI were not normalized. Measures of the spatial extent of regions with abnormal PWI and DWI parameters were determined by considering the volume within the T2 lesion that had nCBV greater than 2 or 3 and with nADC less than 1.5. Measures of the spatial extent of the metabolic lesions were obtained by considering the number of voxels with CNI values greater than 2 and the number with CNI greater than 3.
Kaplan-Meier survival curves were computed using standard techniques. The Cox proportional hazards model was used to evaluate the influence of each of the parameters on survival. The Cox model is a semi-parametric survival analysis tool that assumes a fixed baseline hazard for the population and computes regression coefficients for a set of predictor variables. All proportional hazards analyses were controlled for patient age since this as previously been reported as influencing survival [6, 23, 24] . Evaluation of the significance of differences between the values of MR parameters in the various anatomic regions was made using the Wilcoxon rank sum test. Where appropriate, the relationships between variables were investigated using the Spearman rank correlation coefficient.
Results
Survival time was calculated as the number of days between the pre-surgery MR examination and the date of death or last clinical visit in which the patient was known to be alive. The Kaplan-Meier survival curve indicated that the median survival was 517 days (mean 654 days, standard deviation 66 days), with 11 of the 56 patients being censored. Figure 1 shows this survival curve. Note that of the 11 patients that were censored, all were studied for at least 365 days, eight for at least 540 days and the remaining five longer than 730 days. The 95% confidence intervals for the median survival were 374 and 603 days.
Characteristics of anatomic lesions
Fifty-five patients exhibited contrast enhancement and 47 had regions of necrosis as defined by regions of hypointensity on the T1-weighted SPGR images. The volumes, standard deviations, and ranges of the anatomic lesions were highly variable with the median volume of the contrast-enhancing lesion being 15.3 cc, of necrosis being 2.7 cc and of the entire T2 lesion being 60.8 cc (see Table 1 ). The median percentage of the T2 lesion that was contrast enhancing was 24%, the median percentage that was necrotic was 5% and the median percentage that was non-enhancing was 68%. The volumes of contrast enhancement and necrosis were highly correlated based upon the Spearman rank test (P \ 0.0001, n = 47) but neither of these showed significant correlation with the volume of the non-enhancing lesion (P = 0.146, n = 55 and P = 0.219, n = 47, respectively).
The proportional hazards analysis indicated that the only anatomic variable with a relationship to survival having a P value less than 0.05 was the sum of the enhancing and necrotic volumes as a percentage of the T2 lesion (%CEL ? NEC) which had median value 33 ± 23%. Figure 2 shows examples of patients who each had lesions with large T2 lesion volumes. The patient on the left (survival 116 days) had a thin rim of enhancement and a large volume of necrosis, while the patient on the right (survival 267 days) had a relatively large volume of contrast enhancement. When the patient population was split based upon whether the %CEL ? NEC was greater than the 75th percentile of the value for the population as a whole, the difference between survival curves was 
The percentage of the T2 hyperintense region that was contrast enhancing and necrotic (as well as the complementary percentage that was nonenhancing) had P values from the Proportional Hazards analysis which suggesting that it was associated with survival. The * defines parameters for which the proportional hazards analysis gave a P value of less then 0.05 significant based upon a Wilcoxon test (P = 0.036) but not the log rank test (P = 0.088). The median survival for the population with larger percentage volumes was 322 days, compared with a median of 531 days for the population with smaller percentage volumes.
PWI parameters Table 2 shows the median and 90th percentile values of the perfusion-weighted imaging parameters nCBV, nPH and %REC in each of the segmented anatomic regions. The nCBV values were highest in the contrast-enhancing lesion and were either equal to or higher than NAWM values in the non-enhancing and necrotic region. From the Wilcoxon rank sum test only the CBV values in the contrast enhancement consistently showed significant differences from NAWM. The values of the nPH were highly correlated with the nCBV intensities and showed similar trends within all of the regions studied. The median REC was 88% in NAWM, 83% in the contrast-enhancing lesion and 88% in the non-enhancing lesion. None of the regional intensities of these parameters showed a significant relationship with survival. Figure 2 includes examples of nCBV maps from regions of enhancement and necrosis. Note that the regions with elevated nCBV are within the contrast enhancement and there is relatively low intensity within necrosis. Table 2 Perfusion weighted imaging parameters: normalized CBV (nCBV), normalized peak height (PH) and recovery (%REC) parameters for normal appearing white matter, contrast-enhancing lesion, necrotic lesion and non-enhancing lesion The lower values represent the volumes of sub-regions with high nCBV values that were in the region of the T2 hyperintensity that was covered by the PWI volume (median 40.8 ± 20.9 cc). There were no significant correlations to survival for any of these perfusion parameters J Neurooncol (2009) 91:337-351 341 respectively). Figure 4 shows the anatomic images and nCBV maps from these two patients, which underline the close correspondence between the contrast enhancement and the region with elevated blood volume. The maps of nCBV in Figs. 2 and 4 demonstrate that the signal intensity in gray matter may be similar to that in contrast enhancement, which means that defining the spatial extent of the region with abnormal vasculature requires the anatomic images to provide context. In our analysis, cut-off values of two or three times that in NAWM were used to define the fraction of the T2 lesion that had abnormal nCBV. The median volume with nCBV [ 3 was 3.4 cc, which corresponded to 8.5% of the median volume of the T2 lesion, while the median volume with nCBV [ 2 was 8.9 cc or 26%. Note that both of these values were considerably smaller than the volumes of the contrast enhancement, which had a median value of 15.3 cc. The percentage of the T2 lesion covered by the perfusion acquisition was 65%, and the median percentage of contrast enhancement that was covered was 71%. 
DWI parameters
The median ADC parameters in the various anatomic regions are shown in Table 3 . The highest value was found in necrosis (1,509), followed by the non-enhancing lesion (1,222), contrast enhancement (1,156) and NAWM (801). Wilcoxon rank sum tests performed on these values indicated that each pair was significantly different from the others. The ADC maps in Figs. 2 and 4 show that there were large differences in ADC values between contrast enhancement and necrosis, with the ADC being highly variable in the non-enhancing lesion, presumably due to the existence of sub-regions of edema and infiltrative tumor.
Comparison of the values of the 10th percentile of the ADC and nADC in different regions indicated that there were sub-regions within the contrast-enhancing lesion, necrosis and the non-enhancing lesion that had similar ADC values.
The results of the proportional hazards analysis of ADC intensities within the contrast enhancement and necrosis showed that low 10th percentile values were associated with poor survival. This observation was further supported by the observation that patients with large v(nADC \ 1.5) (volume within the T2 lesion having nADC less than 1.5) had worse survival. Note that the median v(nADC \ 1.5) was twice the size of the median volume of contrast enhancement (31.6 cc compared with 15.3 cc). When the patient populations were split based upon whether v(nADC \ 1.5) was greater or less than its median value, the survival curves were significantly different based upon both the log-rank test (P = 0.04) and Wilcoxon test (P = 0.03). The median survival for the population with larger v(nADC \ 1.5) was 403 days (mean 438 days, standard deviation 47 days), compared with a median of 735 days (mean 840 days, standard deviation 107 days) for the population with smaller volumes (see Fig. 1 ).
Levels of choline, creatine and NAA Table 4 gives metabolite levels and corresponding metabolic indices within the portion of the anatomic lesions that overlapped with the PRESS volume. The median NAA, creatine and choline were lowest in necrosis (0.13, 0.09, and 0.52), presumably reflecting that it contained the lowest number of viable cells. The median levels of NAA and creatine were higher in the non-enhancing lesion (0.39 and 0.90) than in the contrast enhancement (0.22 and 0.58). The median choline was similar in these two regions (1.17 vs. 1.13) but the maximum choline was marginally higher in the non-enhancing lesion. The variations in levels of these metabolites meant that the median CNI was greater for all tumor regions than in NAWM. While the median value was highest in the contrast-enhancing lesion, the maximum was similar in the non-enhancing lesion and the contrast-enhancing lesion. This implies that there were subregions of the non-enhancing lesion with metabolic characteristics that were similar or more abnormal than those within the contrast-enhancing lesion. None of these intensity values had a statistically significant association with survival. Figure 5 shows examples of spectra from lesions that have voxels with CNI [ 2 extending outside the contrastenhancing lesion. Voxels highlighted in blue have CNI [ 2 and low lipid, while voxels highlighted in red have CNI [ 2 and elevated lipid. Although the two patients on the left have relatively large regions with elevated choline and reduced NAA, none of the MRSI voxels had high lipid. Their survival was 906 and 907 days. For the patient on the right, who had both diffuse enhancement and necrosis, there were a substantial number of voxels with both high CNI and elevated lipid peaks. This patient had a relatively short survival of 109 days.
The median number of voxels in the T2 lesion that were covered by the PRESS region and had CNI [ 2 was 34, while the number of voxels with CNI [ 3 was 17.5. The median percentages of the T2 lesion and the contrastenhancing lesion that were covered by the PRESS selected volume were 54 and 59%, respectively. The Proportional Hazards analysis indicated that the volume of the region with CNI greater than 2, v(CNI [ 2), was associated with survival with a P value of 0.034. When the patient population was split based upon the 25th percentile of v(CNI [ 2), the survival curves were different based upon both the log-rank test (P = 0.05) and Wilcoxon test (P = 0.03). The median survival for the population with larger v(CNI [ 2) was 442 days (mean 466 days, standard deviation 151 days) and compared with a median survival of 689 days (mean 610 days, standard deviation 51 days) for the population with smaller v(CNI [ 2). Table 5 shows the median, maximum and sum of values for lactate and lipid within the intersection of the PRESS volume and anatomic regions. In all cases the most extreme values are in necrosis or the contrast-enhancing lesion. Of interest is that the maximum and sum of lipid intensities within the region having CNI [ 2 were associated with survival (P = 0.035 and P = 0.003, respectively). The proportional hazards analysis of the maximum and sum of lactate intensities in the region with CNI [ 2 gave P values of 0.037 and 0.038, respectively. Figures 6, 7 and 8 give examples of differences in the spatial patterns of metabolites for three of the patients whose MR examinations included the acquisition of lactate-edited data. The voxels highlighted in blue and red have similar properties to the ones defined above, while the voxels in yellow have elevated lipid but low levels of choline, creatine and NAA and the voxels in green have elevated lactate. The patient in Fig. 6 who had a small number of abnormal voxels was still alive after 1,161 days, while the patient in Fig. 7 had a 
Levels of lactate and lipid
Analysis of survival for combinations of variables
Although the analysis of single variables identified MR parameters that are relevant in predicting outcome for patients with GBM some of the P values obtained were relatively modest. To determine whether combinations of variables might improve the ability to assess prognosis, six representative variables were selected and evaluated in a pair-wise fashion. Volumetric measures were the %(CEL ? NEC), v(ADC \ 1.5) and v(CNI [ 2) . Three intensity parameters were chosen; the 10th percentile of nADC in the contrast-enhancing lesion (nADC10%(CEL)), the sum of lactate peaks in the region with CNI greater than 2, sLAC(CNI [ 2) and the sum of lipid peaks in the region with CNI greater than 2, sLIP(CNI [ 2) . Table 6 provides P values for these combinations. The combination of variables that gave the lowest P value of 0.0001 was sLIP(CNI [ 2) and nADC10%(CEL). The examples in Figs. 6, 7 and 8 demonstrate how these values are expressed in patients who have long, medium and short survival, respectively. Note that the %(CEL ? NEC) provided either no or minor improvements in P value when combined with the other variables.
Discussion
Perfusion, diffusion, and MR spectroscopic imaging are increasingly being used in clinical studies of patients with GBM. It is therefore critical to determine how the data that they produce relates to anatomic images and whether the information provided can contribute to patient care. Although the current study considers parameters derived from imaging data that were obtained prior to surgery, it also provides information that is valuable in defining the questions that need to be addressed at other times during the course of the disease.
Information from the anatomic images
Key features observed in post-contrast T1-weighted MR images of brain tumors are the enhancing volume, which is assumed to represent the most malignant portion of the lesion, and the regions with hypointensity, which are assumed to correspond to necrosis. The corresponding T2-weighted images have regions of hyperintensity that are much larger then the enhancing and necrotic volumes and are assumed to include additional regions of infiltrative tumor and edema. None of the absolute volumes of these anatomic lesions on the pre-surgery images were predictive of outcome for this study. There are two possible explanations for this finding. Firstly, the highly variable and in some cases relatively large amount of edema present in the T2 hyperintensity may be a confounding factor. Evidence to support this comes from the relatively high values of ADC and low levels of the choline to NAA index within portions of the T2 hyperintensity. Secondly, it is important to realize that substantial portions of the enhancing and necrotic regions are typically removed during the subsequent surgery, which will affect the amount of residual disease and may influence the rate of recurrence [3] [4] [5] [6] . While the extent of tissue resection that can be removed depends upon the location of the lesion within the brain, there were several patients in this study who had relatively large pre-surgery anatomic volumes who were assessed as receiving gross total resections and had longer survival that might have originally been anticipated. The observation that lesions with large percentages of the volume of T2 hyperintensity comprising either contrast enhancement or necrosis are likely to have worse survival may indicate that these characteristics are indicative of a more malignant phenotype as opposed to being a direct measure of tumor burden. This is a parameter that could readily be assessed in a semi-quantitative manner by the radiologist who is reading the images.
Information provided by the PWI data
The hemodynamic properties that were observed using perfusion-weighted imaging are consistent with published values for GBMs [41] [42] [43] . The median percentage of signal recovery for the DR2* curves in this pre-surgery population was 83% in the lesion compared with the baseline of 88% in NAWM. Although there was considerable heterogeneity within the lesion, these values are relatively modest compared with those observed in metastases or other types of lesions [44] . This implies that the blood brain barrier is still at least partially intact within regions of the enhancing volume. Poor delivery of therapeutic agents to the tumor is thought to be one reason why standard chemotherapy is only modestly successful for patients with GBM. As these treatments are typically given after surgical resection and during or after radiation, future studies should examine the impact that these have interventions have upon recovery values.
The presence of regions with increased microvascular density is a defining characteristic of malignant glioma [42] . Both the nCBV and DR2* peak height parameters have been proposed as surrogate measures of abnormal vascularity [43] . The nCBV intensities in our study were obtained by fitting the dynamic time curves with a gamma variate function that included a correction for vascular leakage [31, 33] . Peak heights were estimated using a simple non-parametric procedure [43] . The two sets of parameters were highly correlated and gave very similar results, implying that the information they contain is essentially equivalent. Although the most extreme values of nCBV and peak height were in the contrast enhancing regions, there were also sub-regions within the surrounding non-enhancing components of the lesion that were higher than normal appearing white matter. This is consistent with there being increased angiogenesis in portions of both the enhancing and non-enhancing lesion. With the technology available during the acquisition phase of this study, the coverage for the perfusion images was limited to eight slices of about 3-6 mm each. This meant that only a portion of the tumor was studied for some of the larger lesions. Although the region from which data were acquired was chosen to be in the region that the radiologist felt would be most likely to have elevated perfusion, this incomplete coverage may have been a factor that limited the ability to use the estimated parameter in predicting outcome for these tumors. Now that MR scanners and multi-channel radiofrequency coils are routinely available in a clinical setting, the signal to noise ratio, coverage of the lesion and quality of the data can be significantly improved [45] .
Information provided by the DWI data There has been considerable variability in the values of ADC reported within tumors [46, 47] . The necrotic core of the tumor shows high ADC, indicating that necrosis may have destroyed the structural properties of the tissue, allowing water to more freely diffuse [48] [49] [50] . The T2-hyperintense region is higher in ADC than NAWM because of both vasogenic edema and the disruption of normal tissue structure. Although some of the diffusion weighted images had spatial distortions in regions close to the sinuses, the rigid registration was able to provide reasonable correlations within the regions of interest corresponding to the tumor. As with perfusion-weighted images, the availability of more advanced scanner hardware should be able to reduce the distortion and improve data quality for future studies.
The 10th percentile of ADC in the enhancing volume was significantly correlated with survival. This is consistent with observations from previous studies which have suggested that the presence of regions in GBM that have relatively lower ADC values indicates a higher density of tumor cells [13, 18, 51] . The volume of the region within the T2 hyperintensity with ADC less than 1.5 times the value in normal appearing white matter may be considered as a mechanism for distinguishing between infiltrative tumor and necrosis or edema. While this may adequately explain the behavior of these untreated tumors, the situation may be more complex in recurrent GBM or other gliomas, where the relationship between ADC and tumor cell density is unclear [13, 17, 18, 50, 51] . These results are particularly encouraging, because the capability for acquiring DWI data is widely available on state of the art clinical MR scanners and adds only a few minutes to the length of a standard examination. With a small investment in development of post-processing software it would be possible to routinely generate the parameters that have been identified as being predictive of survival.
Information provided by the MRSI data
The spectroscopic data provide parameters that reflect a number of different aspects of cellular metabolism [9, 11, 12, 22, 38] . Choline is a marker of cell proliferation and increased membrane turnover. This was increased within both enhancing and non-enhancing regions of GBMs. NAA is present in healthy neuronal cell bodies and was decreased in all tumor regions, with the lowest value in necrosis. The choline to NAA index (CNI) is more sensitive than the measurements of levels of the individual metabolites [11, 40] and was seen to be elevated in all tumor regions. The number of voxels with elevated CNI was larger than the number of voxels corresponding to the enhancing volume, suggesting that this parameter can detect tumor infiltration into non-enhancing portions of the lesion. As proposed in previous studies, this may be helpful in defining regions that should be subjected to focal therapy and in defining tumor burden [9, 12, 22] .
Lactate is a byproduct of anaerobic glycolysis, and its presence may indicate hypoxic tumor metabolism, tumor infiltration, and growth. Lipid has been associated with cellular breakdown and necrosis. These parameters were seen to be elevated in tumor relative to NAWM, with the highest values in voxels that were either within or adjacent to necrosis. The strong association between the sum of levels of lipid in voxels with CNI [ 2 and survival suggests that the presence of regions that include both high tumor cell density and necrosis may be used as a marker of aggressive tumor. Because of the limited spatial resolution of the MRSI data it is not clear whether these regions are truly coincident or merely adjacent to each other. The most effective pairwise combination of variables in the proportional hazards analysis was an ADC marker that reflects high cell density in the enhancing volume combined with the sum of levels of lipid within the region with CNI [ 2. This may support the conclusion that increased lipid and high cell density are indicative of malignant behavior.
Of interest is that, despite its relatively coarse spatial resolution, the MRSI data provided parameters exhibiting a relationship with survival that had the lowest P value. One explanation for this may be that this methodology gives information about the spatial distribution and levels of multiple metabolites, which are able to describe more complex features of the lesion than the individual intensity parameters. The parameter which appeared to be of the most interest for predicting survival was the sum of lipid peak intensities within the region having choline to NAA index greater than 2. This not only considers the levels of three different metabolites to classify within voxels from the tumor, but also utilizes the intensities of metabolite levels from voxels within white matter from the same patient to evaluate the deviation of the observed values from normal.
The acquisition time for the 3D MRSI data used this study was 19 min, which required a significant extension of the clinical MR examination. Our research group has recently shown that the data with similar signal to noise and spatial resolution can be obtained in less than 5 min using more sensitive multi-channel radiofrequency coils in conjunction with alternative k-space sampling or parallel reconstruction techniques and using a 3T MR scanner [52, 53] . An alternative strategy to shortening the acquisition time would be to reduce the spatial resolution. This is likely to be valuable for the analysis of smaller tumors and for more accurately defining tumor margins in order to target focal therapy. In either case it appears that the MRSI data provide new information that could make a major contribution to the management of patients with GBM.
Another limitation of the MRSI acquisition method used in this study was that it focused on obtaining data from a 3D rectangular region within the brain. This meant that some regions of the tumor were not covered. It is possible that such incomplete coverage could have led to an underestimate of the spatial extent of the metabolic lesion and future technical development should focus on methods that are able to increase coverage. Differences in spatial resolution between the anatomic and metabolic images may also have produced metabolite values in regions of necrosis that were higher than anticipated and that were less extreme metabolite levels in non-enhancing tumor. The increased sensitivity associated with the use of scanners with higher field strength may therefore be important for future investigations of this technology [52] .
Conclusions
Patients with GBM are subjected to resection, chemotherapy and radiation therapy following their pre-surgery MRI examination. Information regarding the extent of resection and response to therapy are thought to be important for prediction of long-term outcome. This study has implicated quantitative parameters derived from diffusion weighted images and MR spectroscopic imaging data that are acquired prior to surgical resection as being predictive of survival. These measures of tumor burden were associated with worse outcome, regardless of the subsequent treatment. It is extremely important to identify patients with a poor prognosis before beginning trials of new therapies, as it may be possible that they would benefit from alternative therapeutic strategies. Other areas where anatomic imaging can provide ambiguous results and where the quantitative parameters considered in this study may be important are in characterizing response to treatments that include antiangiogenic and anti-proliferative agents. Future studies should also consider the validation of non-invasive imaging based upon histological and molecular analysis of tissues obtained using image-guided surgery.
